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FTIR was f i r s t  a p p l i e d  t o  t h e  c h a r a c t e r i z a t i o n  of c o a l  s t r u c t u r e  d u r i n g  t h e  
l a t e  1970's and has  now been a p p l i e d  t o  a range of problems i n  f u e l  s c i e n c e .  
Although t h e  technique  can  t h e r e f o r e  be c o n s i d e r e d  e s t a b l i s h e d ,  i n  some very  
fundamental  ways i t  i s  s t i l l  evolv ing .  Novel  sampling methods, p r i n c i p a l l y  d i f f u s e  
r e f l e c t a n c e  and p h o t o a c o u s t i c  t e c h n i q u e s ,  have been a p p l i e d ;  i n  a d d i t i o n ,  new 
s o f t w a r e  with t h e  p o t e n t i a l  f o r  e x t r a c t i n g  a d d i t i o n a l  i n f o r m a t i o n  from t h e  spec t rum 
has  been developed. The b a s i c  t h r u s t  of o u r  r e s e a r c h  i s  s t i l l  the  a c c u r a t e  
q u a n t i t a t i v e  d e t e r m i n a t i o n  of s t r u c t u r a l  p a r a m e t e r s ,  but  i n  t h i s  c o n t e x t  w e  have 
been s tudying  a l t e r n a t i v e  methodologies .  Here w e  w i l l  r e p o r t  a n  examinat ion  of t h e  
use of d i f f u s e  r e f l e c t a n c e  methods t o g e t h e r  wi th  two d a t a  p r o c e s s i n g  r o u t i n e s ;  
se l f -deconvolu t ion  and a program t h a t  can  g e n e r a t e  t h e  spectrum of components from 
t h e  s p e c t r a  of a s e r i e s  of m i x t u r e s .  

The a p p l i c a t i o n  of d i f f u s e  r e f l e c t a n c e  and s e l f - d e c o n v o l u t i o n  to  t h e  s tudy  of 
c o a l  has  been p ioneered  by P e t e r  G r i f f i t h s  and co-workers ( 1 , 2 ) .  We o r i g i n a l l y  
c o n s i d e r e d  t h e  advantages i n  ease of sample p r e p a r a t i o n  (compared t o  s t a n d a r d  K B r  
p e l l e t s )  t o  be r e l a t i v e l y  minor ,  g i v e n  t h e  g r e a t e r  d i f f i c u l t y  i n  o b t a i n i n g  
r e p r o d u c i b l e  q u a n t i t a t i v e  r e s u l t s ;  band i n t e n s i t i e s  not  o n l y  vary  w i t h  p a r t i c l e  
s i z e  but  a r e  a l s o  a f f e c t e d  by packing w i t h i n  t h e  sample cup. 
r a t i o  of v a r i o u s  bands,  however, such f a c t o r s  c a n  be l a r g e l y  e l i m i n a t e d  
( p a r t i c u l a r l y  f o r  modes t h a t  are c l o s e  i n  f requency  and hence a r e  almost e q u a l l y  
a f f e c t e d  by s c a t t e r i n g  f a c t o r s )  and w e  found t h a t  f o r  a p a r t i c u l a r  s e t  of samples 
we o b t a i n e d  i n f o r m a t i o n  t h a t  could  n o t  be de te rmined  by s t a n d a r d  K B r  t e c h n i q u e s .  

I f  w e  work wi th  t h e  

As mentioned above ,  w e  a r e  s t i l l  concerned wi th  t h e  measurement of f u n c t i o n a l  
groups ,  p a r t i c u l a r l y  a l i p h a t i c  and a r o m a t i c  CH c o n t e n t .  We have d i s c u s s e d  t h e  
d i f f i c u l t i e s  a s s o c i a t e d  w i t h  v a r i o u s  methodologies  i n  v a r i o u s  p a p e r s  and a recent  
review a r t i c l e  ( 3 ) .  We p o s t u l a t e d  t h a t  i f  we  c o u l d  o b t a i n  a s e t  of samples  where 
most of the  hydrogen was t i e d  up i n  one t y p e  of f u n c t i o n a l  group,  t h e n  i t  should  be 
a r e l a t i v e l y  s t r a i g h t f o r w a r d  t a s k  t o  o b t a i n  a c c u r a t e  a b s o r p t i o n  c o e f f i c i e n t s  by 
r e l a t i n g  band i n t e n s i t i e s  t o  e l e m e n t a l  hydrogen.  Accord ingly ,  we  o b t a i n e d  a set of 
h igh  rank c o a l s  (carbon c o n t e n t  > 92%)  from t h e  Penn S t a t e  c o a l  bank,  choos ing  
those  c o a l s  t h a t  a l s o  had a n  e l e m e n t a l  hydrogen c o n t e n t  of t h e  o r d e r  of 3% or more. 
To our  s u r p r i s e ,  we could  not  o b t a i n  s p e c t r a  u s i n g  s t a n d a r d  K B r  p e l l e t s ,  whi le  
d i f f u s e  r e f l e c t a n c e  r e v e a l e d  bands c h a r a c t e r i s t i c  of a c o a l  wi th  a h ighlaromat ic  CH 
and very low a l i p h a t i c  CH c o n t e n t .  The r e g i o n  between 2000 and 500 cm i s  
i l l u s t r a t e d  i n  f i g u r e  1 and it  can  be s e e n  t h a t  t h e  spectrum of t h e  s t a n d a r d  K B r  
p e l l e t  r e v e a l s  no c o a l  bands whatsoever .  We presume t h a t  t h i s  i s  due to  s c a t t e r i n g  
f a c t o r s  a s s o c i a t e d  w i t h  t h e  d i f f i c u l t y  i n  a d e q u a t e l y  reducing  t h e  p a r t i c l e  s i z e  of 
such h a r d  c o a l s .  C l e a r l y ,  d i f f u s e  r e f l e c t a n c e  h a s  overwhelming advantages  i n  t h e  
c h a r a c t e r i z a t i o n  of h igh  rank c o a l s .  We a r e  now comparing r e s u l t s  f o r  lower rank 
c o a l s  o b t a i n e d  by d i f f u s e  r e f l e c t a n c e  and K B r  p e l l e t s  i n  o r d e r  t o  de te rmine  whether  
t h e  r a t i o  of a b s o r p t i o n  c o e f f i c i e n t s  f o r  a l i p h a t i c  and a r o m a t i c  bands is t h e  same 
f o r  t h e  two methods.  

The i n f r a r e d  spectrum of c o a l  i s  c h a r a c t e r i z e d  by a set of broad ,  o v e r l a p p i n g  
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bands.  We could c e r t a i n l y  o b t a i n  a g r e a t e r  i n s i g h t  i n t o  s t r u c t u r e  i f  v a r i o u s  
c o n t r i b u t i o n s  t o  s p e c i f i c  s p e c t r a l  r e g i o n s  c o u l d  be s e p a r a t e d  or deconvoluted.  In 
previous  work,  w e  h a v e  u s e d  second d e r i v a t i v e  s p e c t r a  as a s t a r t i n g  p o i n t  f o r  
c u r v e - r e s o l v i n g ,  while G r i f f i t h s  and co-workers ( 2 )  have r e c e n t l y  a p p l i e d  a novel  
s e l f - d e c o n v o l u t i o n  procedure .  In r e f i n i n g  s p e c t r a  by improvement of t h e  s p e c t r a l  
r e s o l u t i o n ,  d e c o n v o l u t i o n  and d e r i v a t i v e  a n a l y s i s  can be cons idered  a l t e r n a t i v e  
treatments of c h o i c e .  An asymmetric s p e c t r a l  p r o f i l e  composed of t w o  o r  more 
over lapped  l i n e s ,  i s  r e s o l v a b l e  ( i n  p r i n c i p l e )  i n t o  a t  l e a s t  two component l i n e s ,  
w i t h i n  the l imits imposed by t h e  s i g n a l  t o  n o i s e  ra t io  and ins t rument  l i n e  shape of 
t h e  o r i g i n a l  spectrum. It  should  be noted  t h a t  no l i n e  i n  t h e  r e f i n e d  spectrum may 
be narrower than  t h e  ins t rument  l i n e  s h a p e ,  u n l e s s  c o n t i n u a t i o n  of t h e  
i n t e r f e r r o g r a m  i s  performed on t h e  spectrum. 

The problem t h a t  a r i s e s  i n  d e c o n v o l u t i o n  i s  t h a t  n e i t h e r  t h e  l i n e  shape nor 
t h e  f u l l  w i d t h  a t  h a l f  h e i g h t  of the  over lapped  c o n s t i t u e n t  l i n e s  i s  known. To 
e f f e c t  d e c o n v o l u t i o n ,  a l i n e  shape  mustTbe chosen  which i s  cons idered  a reasonable  
approximat ion  t o  t h a t  of t h e  i n d i v i d u a l  over lapped  l i n e s .  An optimum band width i s  
t h e n  s e l e c t e d  e m p i r i c a l l y  from a s e r i e s  of  d e c o n v o l u t i o n s  of t h e  overlapped 
s p e c t r a l  r e g i o n  s u c h  t h a t  r i n g i n g  i n  t h e  r e f i n e d  spectrum i s  reduced t o  a minimum. 

This e m p i r i c a l  t echnique  may well be d i f f i c u l t  t o  apply  i n  p r a c t i c e ,  however, 
s i n c e  the e f f e c t s  o f  over -deconvolu t ion  may be m i s i n t e r p r e t e d  as s i g n i f i c a n t  
s p e c t r a l  i n f o r m a t i o n .  
r e s i d u a l  spec t rum,  c a n  e a s i l y  t a k e  on t h e  appearance  of l i g i t i m a t e  s p e c t r a l  d e t a i l ,  
but  a r e  i n  e f f e c t  a r t i f a c t s  of t h e  technique .  T h i s  ambigui ty  i n  the  r e f i n e d  
spectrum c a n  be minimized by n o t i n g  t h a t  a symptom of over -deconvolu t ion  i s  t h e  
" s h i f t i n g "  of  l i n e s  i n  d i r e c t  r e l a t i o n  t o  t h e  e x t e n t  of deconvolu t ion .  

The s i d e l o b e s  so i n t r o d u c e d ,  when superimposed upon t h e  

Although d e c o n v o l u t i o n  a p p e a r s  to  provide  more i n f o r m a t i o n  than  d e r i v a t i v e  
a n a l y s i s ,  t h e y  a r e  fundamenta l ly  r e l a t e d .  Cameron and Moffa t t  ( 4 )  have 
demonst ra ted  t h a t  b o t h  techniques  r e l y  upon t h e  a p p l i c a t i o n  of a weight ing  f u n c t i o n  
i n  F o u r i e r  Space. T h i s  f u n c t i o n  i s  of t h e  form 

(2kt  )" 

where n is t h e  o r d e r  of t h e  d e r i v a t i v e .  T h i s  may be c o n t r a s t e d  wi th  t h e  
d e c o n v o l u t i o n  w e i g h t i n g  f u n c t i o n ,  f o r  a L o r e n t z i a n  l i n e  shape ,  of the  form 

( e b t )  

Because both p r o c e d u r e s  r e l y  on such weight ing  f u n c t i o n s ,  s i m i l a r  l i m i t a t i o n s  
e x i s t  with r e s p e c t  t o  d i s c r i m i n a t i o n  a g a i n s t  n o i s e .  Deconvolu t ion  does have t h e  
advantage  of r e t a i n i n g  t h e  i n t e g r a t e d  i n t e n s i t y  and does not s u f f e r  t h e  phase 
i n v e r s i o n  c h a r a c t e r i s t i c  of  t h e  second d e r i v a t i v e ,  but  h a s  t h e  d i s a d v a n t a g e  of more 
e a s i l y  i n t r o d u c i n g  a r t i f a c t s .  In t h i s  r e s p e c t  i t  should  be kept i n  mind t h a t  c o a l  
bands a r e  i n h e r e n t l y  broad due t o  the  chemica l  h e t e r o g e n e i t y  of t h e  m a t e r i a l  and 
i n s t r u m e n t a l l y  c a n n o t  be r e s o l v e d  i n t o  a series o f  s h a r p  over lapping  bands.  
Accord ingly ,  d e c o n v o l u t i o n  should  be a p p l i e d  w i t h  extreme c a u t i o n .  

The f i n a l  t o p i c  w e  wish t o  c o n s i d e r  i s  t h e  a p p l i c a t i o n  of a r o u t i n e  capable  of 
o b t a i n i n g  t h e  s p e c t r a  of i n d i v i d u a l  components from t h o s e  of a m i x t u r e .  
a number of approaches  t o  t h i s  problem, i n c l u d i n g  f a c t o r  a n a l y s i s ,  tha t  could be 
u s e f u l  i n  t h e  a n a l y s i s  of c o a l  s p e c t r a .  
p rocedure  d e s c r i b e d  by Honigs e t  a l .  ( 5 )  t h a t  i s  most commonly used i n  
n e a r - i n f r a r e d  a n a l y s i s  of f o o d s t u f f s .  E s s e n t i a l l y ,  the  known c o n c e n t r a t i o n s  of a 
p a r t i c u l a r  component in a set of m i x t u r e s  a r e  used  a s  weight ing  f a c t o r s  t o  
r e c o n s t i t u t e  the  spec t rum of t h a t  component from t h o s e  of  the  m i x t u r e s .  The 
a p p l i c a t i o n  i s  i l l u s t r a t e d  i n  f i g u r e  2 ,  which compares t h e  s p e c t r a  of t h r e e  

There a r e  

We have developed a program based on a 
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"mixtures" ,  each r e p r e s e n t e d  by a s i n g l e  band. 
was e a s i l y  g e n e r a t e d  and i s  shown a t  t h e  bottom of t h e  f i g u r e .  This method h a s  
S e v e r a l  i n t r i g u i n g  p o s s i b i l i t i e s  when a p p l i e d  t o  c o a l .  For example,  w e  have 
o b t a i n e d  t h e  s p e c t r a  of s e v e r a l  c o a l  e x t r a c t s ,  where t h e  a r o m a t i c  and a l i p h a t i c  
hydrogen c o n t e n t  i s  known from p r o t o n  nmr measurements. Using t h e  a r o m a t i c  (or 
a l i p h a t i c )  CH c o n t e n t s  a s  w e i g h t i n g  f a c t o r s  we should  be a b l e  t o  g e n e r a t e  a 
spectrum c h a r a c t e r i s t i c  of those  p a r t s  of t h e  molecule  a s s o c i a t e d  w i t h  such groups ,  
a s o r t  of f u n c t i o n a l  group based deconvolu t ion .  

The spectrum of a pure  component 

The method i s  promising but  p r e l i m i n a r y  resul ts  i n d i c a t e  t h a t  a c a r e f u l  choice  
of samples i s  r e q u i r e d .  I n  i n i t i a l  work we c o n s i d e r e d  t h e  s p e c t r a  of  e x t r a c t s  
o b t a i n e d  from PSOC's 785 ,  801 ,  1192, 1195,  1196 and 1198. For  c l a r i t y  of 
i l l u s t r a t i o n  j u s t  t h e  CH s t r e t c h i n g  r e g i o n  of t h e  s p e c t r a ,  wi th  t h e  OH bands 
removed by c u r v e - r e s o l v i n g  and s u b t r a c t i o n ,  a r e  i l l u s t r a t e d  i n  f i g u r e  3. Note t h a t  
t h e  a l i p h a t i c  CH s t r e t c h i n g  bands of t h e  PSOC 785 e x t r a c t ,  t h e  top  spectrum i n  t h i s  
s e r i e s ,  a r e  s t r o n g e r  and s h a r p e r  than  t h o s e  of the  o t h e r  e x t r a c t s ,  i n d i c a t i n g  a 
h i g h e r  c o n c e n t r a t i o n  of long c h a i n  a l k a n e s .  Accord ingly ,  when t h e  program was 
a p p l i e d  t o  t h e s e  s p e c t r a  w e  no t  only o b t a i n e d  t h e  bands c h a r a c t e r i s t i c  of t h e  ' 

a r o m a t i c  CH s t r e t c h i n g  mode, but  a l s o  n e g a t i v e  peaks a s s o c i a t e d  w i t h  sequences  of 
CH u n i t s ,  a s  shown i n  f i g u r e  4. In o t h e r  words ,  PSOC 785 d i d  not  be long  i n  t h i s  
s e z .  
(which were o b t a i n e d  from mucg h i g h e r  rank c o a l s )  and t h i s  r e s u l t e d  i n  t h e  n e g a t i v e  
s h a r p  peaks.  We a r e  p r e s e n t l y  o b t a i n i n g  t h e  s p e c t r a  of a wider  range of samples so 
t h a t  w e  can "clump" s i m i l a r  s p e c t r a  t o g e t h e r  f o r  a n a l y s i s .  N e v e r t h e l e s s ,  t h i s  
p r e l i m i n a r y  a p p l i c a t i o n  i l l u s t r a t e s  t h e  p o t e n t i a l  of t h e  t e c h n i q u e  and a l s o  
i n d i c a t e s  t h a t  i t  might  f i n d  a d d i t i o n a l  u t i l i t y  i n  i d e n t i f y i n g  d i f f e r e n t  t y p e s  of 
s t r u c t u r a l  f e a t u r e s .  
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Figure 1. Top; Spectrum of  PSOC 1 6 1  (92% C) prepared  as  a K B r  p e l l e t .  
Bottom; same sample r u n  i n  d i f f u s e  r e f l e c t a n c e .  
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Figure 2. Top to bottom, spectra 
of a mixture of two com- 
ponents and the generated 
spectrum of the pure 
component. 
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Figure 3. Top to bottom, CH stretching 
modes of pyridine extracts of 
PSOC's 785, 801, 1192, 1195, 
1196 and 1198. 

Figure 4 .  Generated spectrum of aromatic CH component. 
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